INTRODUCTION
The desire of people to have longer and healthier lives is as ancient as humanity. It has been almost 80 years since the counterintuitive and unexpected demonstration that retarding the growth of rats or mice by restricting calorie consumption increases their life span (1). Subsequently, researchers demonstrated that calorie restriction (CR), also termed dietary restriction (DR), extends longevity in numerous model organisms, such as yeast (2) , worms (3), flies (4), spiders (5, 6) , mice (7) , and possibly rhesus monkeys (8) .
and decreases dramatically after reproduction. However, attempts to reproduce during times of food scarcity are often futile, as progeny are unlikely to survive. Therefore, the ability to extend reproductive fitness and longevity in order to postpone reproduction until more prosperous times would be selected for (9) .
Not only does CR extend the length of life, but it also prevents or delays the severity of numerous age-associated diseases (10, 11) . However, maintaining such a strict diet is not practical for most humans. Additionally, some effects of CR may result in more harm than good when practiced outside of laboratory, an environment rife with infectious diseases. Therapies based on molecular mechanisms of CR may be safer alternatives to prevent ageassociated diseases and increase the health span of humans. The detailed mechanisms by which CR extends longevity and health span of model organisms are still being elaborated, but the research in this area is exciting and advancing quickly.
There is ample evidence that the mechanisms involve significant alterations in energy metabolism; response to oxidative damage; insulin sensitivity; inflammation; and changes in the neuroendocrine, paracrine, and reproductive systems (12) . These changes are likely triggered by metabolic response regulators in cells, which can sense caloric intake and signal to metabolic pathways affecting aging and diseases ( Figure 1 ). Among these regulators are the sirtuins, a family of enzymes that were initially shown to slow aging in yeast. Sirtuins are NAD + -dependent enzymes, which makes them an excellent link between the nutritional status of the organism and cellular genetic programs. These enzymes contain homologous domains that bind NAD + (13) , and they can be found in organisms ranging from bacteria to humans (14) . Mammals have seven sirtuin homologs (SIRT1-7). Three sirtuins (SIRT1, -6, and -7) are found mostly in the nucleus, three (SIRT3, -4, and -5) are in mitochondria, and one (SIRT2) is in the cytoplasm (Figure 2 ). SIRT1, -2, -3, -6, and -7 can catalyze deacetylation of protein substrates. SIRT4 has not yet been shown to have detectable deacetylase activity but has ADP-ribosyltransferase activity (15) . SIRT5 was recently demonstrated to have desuccinylase and demalonylase activities that are more robust than its weak deacetylase activity (16, 17) .
Consistent with evolutionary theory, CR in Drosophila melanogaster reduces fecundity (18) and downregulates the expression of genes necessary for gametogenesis and eggshell formation (19) . Similarly, Caenorhabditis elegans reproductive output is reduced by various regimes of dietary restriction (20) . Rodents subjected to a diet of 30% or fewer calories relative to fully fed control rodents also have reduced reproductive output (21) . Women who practice weight control are likelier to experience reproductive failure (22) . Interestingly, both SIRT1 knockout male and female mice, which can survive in outbred backgrounds, are sterile (23) . These observations are consistent with the disposable soma theory, according to which, during times of plentiful nutrition, resources are directed toward reproduction (24) . However, during famine, resources are diverted from reproduction to the maintenance and repair of other organs necessary for increased durability and longevity. Changes in energy metabolism often accompany CR (25) . CR lowers body temperature in mice (26) , rats, rhesus monkeys (27) , and humans (28) . The life span of poikilothermic invertebrates can be extended by reducing ambient temperature (29) . Therefore, a link between basal metabolic rate, temperature, and longevity has been proposed. Intriguingly, transgenic mice with a reduced core body temperature have an increased life span (30) . The sirtuin SIRT3 regulates global lysine acetylation in mitochondria (31) and is responsible for mitochondrial metabolic strategy and thermogenesis (32) . For example, SIRT3 mediates fatty-acid oxidation by deacetylating enzymes in the β-oxidation pathway (33) . SIRT3 is closely linked to CR: CR triggers an increase in SIRT3 abundance (34) , and the lack of SIRT3 negates the strong protective effect of CR [e.g., against hearing loss in aged rodents (35) ].
CR also reduces the incidence of cancers, such as virally induced leukemia (36) , chemically induced mammary and colon tumors (37) , and spontaneous aging-associated tumors (38) . CR also activates SIRT1 (39) . Because SIRT1 can suppress the activity of p53 by deacetylating it (40) , the role of SIRT1 in cancer protection must be due to effects on additional pathways. For example, genetic activation of SIRT1 protects against tumors in the gut (41) and the pancreas (42) , likely by suppressing β-catenin activity.
SIRTUINS' ROLE IN PHYSIOLOGY AND METABOLISM
SIRT1 is the most-studied sirtuin in the context of metabolism. This sirtuin influences the differentiation of preadipocytes (43) by repressing peroxisome proliferator-activated receptor γ (PPAR-γ). Additionally, SIRT1 deacetylates and thus activates PPAR-γ coactivator PGC-1α (44) , which in turn can activate mitochondrial biogenesis as well as induce endothelial nitric oxide synthase expression (45) . Activation of SIRT1 also causes deacetylation and activation of peroxisome proliferator-activated receptor α (PPAR-α) to turn on genes required for the increase in fatty-acid oxidation (46) . In summary, these changes activate oxidative metabolism in muscle, fat cells, and the liver to improve insulin sensitivity and prevent progression of metabolic age-associated disorders.
In the fasting liver, SIRT1 controls pathways that are responsible for upregulation of gluconeogenesis (47) . In the early stages of fasting, gluconeogenesis is turned on by CREB/ CRTC2, which also activate SIRT1 transcription (48) . However, SIRT1 activation triggers deacetylation and subsequent ubiquitination and degradation of CRTC2, which lowers the expression of CREB targets. At the same time, SIRT1 deacetylates and thus activates PGC-1α and FOXO transcriptional factors to turn on genes necessary for response to longterm fasting (Figure 3 ). The formation of ketone bodies is also triggered at this time.
Sirtuins also play an important role in controlling inflammation (Figure 4 ), which contributes to numerous age-associated diseases. Both SIRT1 and SIRT6 suppress the activity of a key activator of inflammation: nuclear factor κB (NF-κB). SIRT1 can directly deacetylate the p65 subunit of NF-κB and thus reduce the ability of NF-κB to activate the transcription of proinflammatory genes (49) . SIRT6 deacetylates histones at the promoters of NF-κB-regulated genes to repress them and thus suppress inflammation (50) . SIRT1 and SIRT6 may work in concert, as SIRT1 can activate SIRT6 transcription by deacetylating and activating the FOXO3a/NRF1 complex on the SIRT6 promoter (51).
Mitochondrial sirtuins govern key aspects of energy metabolism, especially during prolonged fasting or CR. In addition to its role in fat oxidation, SIRT3 promotes the catabolism of acetate and amino acids ( Figure 5 ). For example, it deacetylates glutamate dehydrogenase (GDH), which converts glutamine into α-ketoglutaric acid (aKG); aKG can be used in the Krebs cycle for energy production. Another, recently identified target of SIRT3 is lysine 88 of ornithine transcarbamoylase (52) . Deacetylation of this enzyme by SIRT3 activates the urea cycle to dispose of ammonia, which is essential when energy is produced by amino acid digestion. Another mitochondrial sirtuin, SIRT5, can also activate the urea cycle by deacetylating (or more likely desuccinylating) carbamoyl phosphate synthetase 1 (53) . SIRT3 also deacetylates Hmgcs2 (3-hydroxy-3-methylglutaryl CoA synthase 2), which is essential for ketone synthesis (54) . Acetyl-CoA synthetase 2 (ACS2) is tightly controlled by acetylation, and SIRT3-mediated deacetylation on lysine 635 stimulates ACS2 activity (55) . One target for SIRT3 control of fatty-acid oxidation is lysine 42 of longchain acyl-CoA dehydrogenase (56) . Interestingly, SIRT3 activates mitochondrial pathways that mitigate oxidative damage. For example, SIRT3 stimulates the activity of isocitrate dehydrogenase 2 to drive the glutathione detoxification system (52) and the activity of the superoxide dismutase SOD2, a critical antioxidant, by deacetylating lysines 53, 68, and 122 of this enzyme (57, 58) . Because SIRT3 also deacetylates components of the electron transport chain (59, 60) , it may reduce reactive oxygen species production.
Another mitochondrial sirtuin, SIRT4, regulates fatty-acid oxidation and mitochondrial gene expression in liver and muscle cells. However, the direction of this regulation appears to be opposite of that of SIRT3. To wit, SIRT4 inhibition increases fat oxidative capacity and mitochondrial function (61) . SIRT4 can directly downregulate GDH activity by ADPribosylation to regulate amino acid catabolism (15) . Additionally, SIRT4 regulates insulin secretion by β cells. Depletion of SIRT4 from insulin-producing INS-1E cells results in increased insulin secretion in response to glucose (62) .
These data suggest that sirtuins evolved to control and fine-tune a complex network of metabolic enzymes in response to energy availability. Thus, they are excellent targets to provide therapeutic benefits for age-associated metabolic diseases, such as type 2 diabetes (see below).
SIRTUINS' ROLE IN AGING AND AGE-ASSOCIATED DISEASES
Age is the biggest risk factor for a number of diseases, such as cardiovascular diseases, diabetes, neurodegenerative disorders, and cancer. Sirtuins mediate the effects of CR (63) . Indeed, SIRT1 is necessary for increased activity and longevity of animals subjected to CR (64) . Levels of SIRT1 and SIRT3 go up in many tissues of animals subjected to CR (39, 65) . SIRT1 can upregulate its own transcription (66), so its protein levels reflect its activity. CR activates SIRT1 via an increase in the available NAD + due to glycolysis slowing down during food limitation. These effects have been directly demonstrated in muscle and white adipose tissue (67) . SIRT3 transcription is also likely under SIRT1 control (34) . SIRT1-overexpressing animals recapitulate many characteristics of CR (68) . There are several mechanisms by which SIRT1 appears to protect against neurodegenerative diseases ( Figure 6 ). In Alzheimer's disease, SIRT1 can deacetylate retinoic acid receptor β (RARβ). This action results in the heterodimerization of RARβ with retinoid X receptor on the promoter of ADAM10, which encodes α-secretase. Increases in the abundance and activity of α-secretase direct amyloid precursor peptide (APP) processing away from production of the toxic Aβ amyloid peptide, resulting in less Aβ production (72) . In Huntington's disease, SIRT1 can deacetylate and activate TORC1, which promotes TORC1 dephosphorylation and the interaction of TORC1 with CREB. The TORC1-CREB complex activates the production of brain-derived neurotrophic factor and PGC-1α, both of which are protective in Huntington's disease (73) . SIRT1 also limits miR-134 expression, thereby limiting the expression of CREB and its targets (76) . In Parkinson's disease, SIRT1 deacetylates heat shock factor 1 (HSF1) to increase the activation of its targets, such as heat shock protein 70 (77) , and thus protects mice expressing the α-synuclein Parkinson's disease mutant A53T/A53T (74) . Interestingly, induction of HSF1 activity requires the overexpression of both SIRT1 and the A53T disease gene.
Deletion of the mitochondrial sirtuin SIRT3 globally increases acetylation of mitochondrial proteins and, as mentioned above, completely abolishes the protective effects of CR on inner-ear neurons (35) . In this context, activation of SIRT1 and/or SIRT3 in certain tissues may be a powerful tool for combating diseases of aging without the need for extreme dieting.
Another important member of the sirtuin family is SIRT6, which has anti-inflammatory actions, as described above. SIRT6 is a nuclear protein and has both NAD + -dependent ADPribosyltransferase (78) and NAD + -dependent deacetylase (79) activities. SIRT6 knockout is postnatally lethal due to severe hypoglycemia (80), but these mice can be kept alive if their diet is supplemented with high levels of glucose. Hypoxia-inducible factor 1α (HIF-1α) may be an important target of SIRT6 and the main link between this sirtuin and glucose homeostasis (Figure 7) . Indeed, phenotypes of SIRT6 knockouts resemble phenotypes of HIF-1α hyperactivation (81) . Other functions attributed to SIRT6 are DNA repair (82) and telomere maintenance (83) . Intriguingly, ubiquitous overexpression of SIRT6 extends the longevity of male mice (84) . The mechanisms behind this longevity extension and the sexual dimorphism of its prolongevity properties are not known and are an intriguing topic of research.
SIRT1 INFLUENCES NEUROLOGICAL PROCESSES: MEMORY, MOOD, AND BEHAVIOR
SIRT1 plays a role in learning and memory. SIRT1 knockout results in decreased extracellular signal-regulated kinase 1/2 (ERK1/2) phosphorylation and in altered expression of hippocampal genes involved in synaptic function (85) . Moreover, SIRT1 brain-specific knockouts show reduced long-term potentiation in tissue slices compared with the wild type (76) . Consequently, SIRT1 knockout animals have compromised cognitive functions, reinforcing the notion that that SIRT1 is important for normal learning, memory, and synaptic plasticity. SIRT1 also regulates the circadian clock system in peripheral tissues such as the liver, although a role in central circadian control in the brain has not yet been shown. SIRT1 binds the CLOCK-BMAL1 complex in a circadian manner and promotes the deacetylation and degradation of cytochrome PER2 (86, 87) (Figure 6f ). Finally, SIRT1 is involved in the formation of addictions, for example, addiction to cocaine (88) .
Equally important but less well studied is the impact of CR on behavior. CR in rats alters behavior so that animals become more aggressive, with diminished sexual activity (89) . Food-restricted monkeys display heightened aggression during feeding times (90) . Research in model organisms has provided ample evidence for the link between metabolism and behavior. Although the connection between CR, psychopathology, and physical activity is evident, the mechanisms are still poorly understood (91) . Interestingly, the nutritional status of parents may have lasting effects on the behavior of progeny. For example, animals perinatally exposed to maternal CR demonstrated heightened anxiety-like behaviors (92) later in life. Furthermore, chronic food restriction in young rats results in depression and anxiety-like behaviors (93) .
The link between mood and nutritional status of the organism may be mediated by metabolic genes (e.g., Figure 1 ), which sense energy status and affect neurological processes. One of the genes responsible for this link is SIRT1 (94) . In humans, variants of the SIRT1 gene are associated with prevalence of major depressive disorder (95) and anxiety (96) . The molecular mechanism behind the impact of SIRT1 on anxiety and mood involves serotonin signaling ( Figure 6 ). SIRT1 deacetylates the helix-loop-helix transcriptional factor NHLH2 on lysine 49, which leads to its activation on the monoamine oxidase A (MAOA) promoter. MAOAis the major brain enzyme that degrades serotonin and noradrenalin, and its overactivation leads to decreased levels of serotonin. This reduction promotes anxiety and makes animals more prone to depression-like behaviors (96) . Indeed, transgenic mice that overexpress SIRT1 in the brain have elevated levels of MAOA, reduced levels of serotonin, and a higher prevalence of anxiety-like and depression-like behaviors. Importantly, treatment of these transgenic animals with antidepression drugs, such as phenelzine and fluoxetine, normalizes their behavior (96) . Evolutionarily, it is reasonable that CR would also affect mood and behavior. For example, during food scarcity an animal would have to scour a larger area in the face of predators. CR may enhance the survival of such an animal to exhibit heightened anxiety and vigilance in such an environment (96) .
The connection between nutritional status of the organism and psychiatric disorders has farreaching implications. One of the most severe disorders reminiscent of CR is anorexia nervosa (AN), which has the highest rate of mortality among all mental disorders (97) and is the most prevalent in young women (98) . From the physiological and psychological points of view, there are common features between people suffering from AN and those practicing CR (28, 99) . The manipulation of genes suspected to mediate the effect of CR could be a therapeutic approach to treat psychiatric disorders such as AN.
Another interesting disorder related to the intersection of metabolic state and neuropsychiatric processes is autism spectrum disorder (ASD). Major comorbid features of autism include mental retardation (30-60%) (100), anxiety, and mood disorders (101) . Maternal metabolic conditions increase the risk for autism and other neurodevelopmental disorders (102) . Once again, the link may be mediated by genes that relay metabolic state information and connect it with the expression of genes such as SIRT1. Copy number variations in the 10q21.3 region (immediately upstream of the SIRT1 coding sequence), which may impact SIRT1 transcription, are associated with the risk of autism in humans (103) . That SIRT1 plays a role in learning, memory formation (76, 85) , and mood (96) raises the possibility that SIRT1 may be a pharmacological target to alleviate at least some of the ASD symptoms. As we deepen our understanding of neuropsychiatric processes, we come to a realization that metabolic response genes play a far greater and more important role than previously imagined and that such genes may lead to new targets to heal our minds and bodies simultaneously.
THE LIMITATIONS AND DANGERS OF CALORIE RESTRICTION
Although CR extends longevity in numerous species, the mechanism of its action differs from species to species. The main cause of aging of the single-cell organism Saccharomyces cerevisiae is the accumulation of extrachromosomal rDNA circles (104) . A likely cause of aging and advanced age mortality in D. melanogaster is systemic infection (19) . Short-lived mice usually suffer from cancer, whereas the biggest risk factor for death in aging humans is cardiovascular disease (105) . CR is expected to have a positive impact on these and other diseases of aging, but it is still unproven whether CR has long-term benefits for nonobese human subjects. We cannot rule out possible negative effects of CR that would outweigh its positive effects. To wit, the vast majority of mammalian CR experiments are conducted in mice housed in pathogen-free and environmentally protected facilities. However, when challenged with polymicrobial infection, calorie-restricted animals performed significantly worse (106) . Similarly, CR significantly worsened the outcome of animals infected with intestinal parasites (107) . Indeed, some scientists are skeptical whether CR will work in humans (108) .
In addition, CR has a number of negative effects on quality of life, which could outweigh the positive effects CR might have on human health. For example, sex hormone (both serum total and free testosterone) is reduced in men practicing CR compared with equally lean endurance runners or age-matched controls eating Western diets (109) . Decreases in the circulating levels of this hormone not only may negatively impact quality of life due to decreased sex drive (110) but also may result in more severe problems such as loss of muscle mass and loss of bone density. Indeed, bone mineral density is significantly reduced in humans practicing CR (111) , and osteoporosis is one of the most severe problems that humans of advanced age face. In the view of these data, individuals practicing CR should be cautious, as it may be more sensible and beneficial to utilize therapies based on specific genetic mechanisms of CR action.
BENEFICIAL EFFECTS OF SMALL-MOLECULE SIRT1 ACTIVATORS IN ANIMAL MODELS AND HUMANS
Great interest exists in developing small molecules that act as CR mimetics by activating sirtuins, triggering protection from age-associated diseases and perhaps contributing to a longer life span. One of the first natural compounds discovered to activate SIRT1 is resveratrol (112) . Following its discovery, novel synthetic and more potent compounds were developed (69) . Resveratrol has many effects that are promising from a drug development point of view. For example, it improves insulin sensitivity (113), inhibits tumor growth (114), suppresses inflammation, promotes cardiovascular health (115) , and protects against neurodegenerative diseases (116) . In the murine model of obesity (ob/ob mice), resveratrol significantly increased the health and longevity of treated animals. There is debate on whether resveratrol has a direct effect (117) or an indirect effect (118) (120), activate SIRT1. Moreover, the NAD + precursors NMN and nicotinamide riboside increase NAD + levels in tissues, drive SIRT1 activation, and enhance oxidative metabolism to protect against obesity induced by a high-fat diet (121, 122) . Private companies such as Sirtris Pharmaceuticals (which has been acquired by GlaxoSmithKline) identified many of the synthetic compounds that activate SIRT1 (69), some of which are in clinical trials (see http://ClinicalTrials.gov).
CONCLUSION
To date there is no known intervention that can extend human longevity. Even though CR results in impressive health improvement in rodents, its applicability to higher organisms is uncertain, and CR may even be dangerous. However, the elucidation of the molecular mechanisms of CR encourages the development of pharmacological approaches that can mimic the beneficial effects of CR. Such approaches may lead to healthier lives and perhaps longer lives.
Because sirtuins mediate many of the metabolic responses of organisms to diet, these proteins offer one set of targets for pharmacological approaches. In addition, research aimed at understanding the role of sirtuins in brain function has begun to uncover a long-suspected coordination between metabolism and behavior. Studies of sirtuins have generated insights into diet and aging that may improve human health. These findings imply that sirtuin drugs might be used to improve not only metabolic health but also neuropsychiatric health. Calorie restriction impacts numerous physiological functions and parameters, which may ultimately affect health and longevity. The most heavily influenced physiological characteristics are presented in this flowchart. A few genes may mediate the impact of calorie restriction; the most fundamental ones are genes encoding nutritional sensors such as sirtuins (SIRT1-7), adenosine monophosphate-activated protein kinase (AMPK), and target of rapamycin (TOR) and genes involved in insulin signaling. Downstream effects of calorie restriction include decreases in cancer incidence, the suppression of reproduction, alterations of metabolic functions with increased fat oxidation, alterations of mood (higher degrees of anxiety and susceptibility to depression), increased aggression, and increased DNA repair. Sirtuins are a family of proteins ranging from bacteria to humans and contain conserved sirtuin motifs. Mammals have seven homologs of sir2 enzymes (SIRT1-7). SIRT1, -6, and -7 are found primarily in the nucleus; SIRT3, -4, and -5 are mitochondrial; and SIRT2 is cytoplasmic. Sirtuins have NAD + -dependent protein deacetylase activity and ADPribosyltransferase activity. In addition, SIRT5 has desuccinylase and demalonylase activity. SIRT1 mediates the liver's response to fasting. In the early stages of fasting, CREB/CRTC2 turn on gluconeogenesis and increase SIRT1 production. Via negative feedback, SIRT1 deacetylates CRTC2, which causes SIRT1 degradation. At the same time, SIRT1 deacetylates and activates PGC-1α and FOXO transcriptional factors to turn on genes necessary for response to long-term fasting. SIRT1 and SIRT6 may work in concert to suppress inflammation. SIRT1 directly deacetylates the p65 subunit of NF-κB and thus reduces the ability of NF-κB to activate the transcription of proinflammatory genes. Additionally, SIRT1 activates the production of SIRT6, which deacetylates histones at the promoters of NF-κB-regulated genes to suppress inflammation. SIRT3 controls key aspects of mitochondrial function. SIRT3 deacetylates and activates glutamate dehydrogenase (GDH), ornithine transcarbamoylase (OTC), 3-hydroxy-3-methylglutaryl CoA synthase 2 (Hmgcs2), acetyl-CoA synthetase 2 (ACS2), and long-chain acyl-CoA dehydrogenase (LCAD). Such activation of mitochondrial metabolism is conducted in unison with the activation of systems that detoxify reactive oxygen species (ROS). SIRT3 activates isocitrate dehydrogenase 2 (IDH2) and superoxide dismutase (SOD2) by deacetylating lysines 53, 68, and 122 of SOD2 to stimulate ROS detoxification. SIRT1 in the brain is involved in a number of processes that affect neuronal health, neurogenesis, and behavior. (a) SIRT1 can deacetylate retinoic acid receptor β (RARβ), which causes the heterodimerization of RARβ with retinoid X receptor (RXR) on the promoter of ADAM10, which encodes α-secretase. Increases in the abundance and activity of ADAM10 direct amyloid precursor peptide (APP) processing toward the α-secretase pathway. This in turn leads to less β-secretase cleavage of APP and thus less Aβ production, which is protective against Alzheimer's disease. (b) SIRT1 deacetylates and activates TORC1 by promoting its dephosphorylation and its interaction with CREB. Brain-derived neurotrophic factor (BDNF) and PGC-1α are key targets of SIRT1 and TORC1 transcriptional activity. Both targets counteract the toxic effects of the Huntingtin protein and protect against Huntington's disease. (c) SIRT1 limits miR-134 expression via a repressor complex containing the transcription factor YY1. If SIRT1 is downregulated and miR-134 expression is increased, CREB and BDNF are downregulated, thereby impairing synaptic plasticity. (d) SIRT1 deacetylates and thus activates the neuronal helix-loop-helix 2 (NHLH2) transcription factor, which in conjunction with SP1 controls the transcription of monoamine oxidase A (MAOA). MAOA activity alters the abundance of neurotransmitters, such as serotonin and noradrenaline, which in turn influence an animal's mood and behavior. (e) SIRT1 knockout results in decreased extracellular signal-regulated kinase 1/2 (ERK1/2) phosphorylation and in altered expression of hippocampal genes involved in synaptic function. SIRT1 knockout animals have compromised cognitive functions, reinforcing the notion that SIRT1 is indispensable for normal learning, memory, and synaptic plasticity. (f) SIRT1 binds the CLOCK-BMAL1 complex in a circadian manner and promotes the deacetylation and degradation of cytochrome PER2. The PER2/CRY complex suppresses the activity of CLOCK/BMAL1, forming a negative feedback loop that results in periodic oscillation of the abundance of these molecules. SIRT1 is required for normal circadian transcription of core clock genes in the liver and connects cellular metabolism to the circadian rhythm. (g) SIRT1 protects against Parkinson's disease by deacetylating heat SIRT6 inhibits carcinogenesis by inhibiting the Warburg effect, contributes to DNA repair activation, and suppresses inflammation. Hypoxia-inducible factor 1α (HIF-1α) may be the major target of SIRT6 and the main link between this sirtuin and glucose homeostasis. DNA repair and telomere maintenance also depend on SIRT6 activity.
